The purpose of this experiment was t o investigate the effect of varying the time interval between two equal and opposite Coriolis accelerations upon the duration of the subjective responses evoked by the second stimulus, It was also designed to evaluate certain predictions generated from a "torsion pendulum" model of the neural events, mediating these subjective phenomena.
SUMMARY PAGE THE PROBLEM
The purpose of this experiment was t o investigate the effect of varying the time interval between two equal and opposite Coriolis accelerations upon the duration of the subjective responses evoked by the second stimulus, It was also designed to evaluate certain predictions generated from a "torsion pendulum" model of the neural events, mediating these subjective phenomena.
FINDINGS
Theoretical curves derived from the torsion pendulum model approximated fairly closely the way i n which the reported durations of the subjective phenomena increased as a function of the time interval between the two Coriolis accelerations. This result supported the a priori assumption that the neural events underlying the subjective phenomena are closely linked to mechanical events occurring within the cupuiaendolymph system. However, an explanation resting entirely upon peripheral phenomena would be inadequate to account for two additional findings: 1) The estimated time constants of signal decay were shorter than those expected on the basis of the known mechanics of the semicircular canal system, and 2) the persistence of the Coriolis sensation (feelings of apparent whole body motion without visual reference) was greater at all intervals than the Coriolis oculogyral illusion (OGI). Adequate explanation of these findings requires the postulation of additional central mechanisms.
A secondary finding was that subjective reactions to the stimulus producing a pitch-forward sensation or a downward displacement of the OG I target were consistently more persistent than those produced by the equal but opposite stimulus. This result was compatible with findings of earlier studies.
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INTRODUCTION
This investigation was concerned with the situation i n which a Coriolis accelerative stimulus ( S , ) i s followed after a different time interval (I) by a second stimulus (SJ that i s equal i n magnitude but opposite i n direction'to the first. The Coriolis stimulation was delivered to the semicircular canal system by a 45"head tilt to the left shoulder (SI) followed, after the variable interval, by a return motion to the upright position (S,) d u r ing rotation at constant velocity. The effect of varylng the time interval (I) was studied i n relation to fwo measures of subjective response: 1) the duration of the sensation of pitching about the body's y-axis (termed the "Coriolis sensation"), and 2) the duration of the apparent motion of a dimly illuminated target (termed "the Coriolis oculogyral illusion" or OG I).
A "torsion pendulum'' model (see Figure 1 ) was used to generate the experimental predictions. The basic assumption of the model was that the neural events underlying the perception of the subjective phenomena would be dependent upon the physical events occurring within the vestibular end-organ, This formulation allowed the known mechanical properties of the cupula-endolymph system (4, 12) io be used as the basis for predictions concerning the duration of the subjective phenomena evoked by S , . 
METHOD
The experiment was performed i n the Pensacola Slow Rotation Room (SRR). A full description of this facility can be found elsewhere (3).
The subjects were seated with their backs to the inside wall of the SRR at a distance of 7 feet from the center of rotation. The subjects' z-axes were aligned parallel to the axis of rotation. Head pads attached to the wall resiricted the lateral head movements to a tilt through an arc of 45' to the left shoulder and back to the upright.
The head movements were made at a uniformly rapid rate and were completed within 0.25 second. The rotation was i n the counterclockwise (CCW) direction throughout.
In thirteen subiects, the effects of the Coriolis accelerations were measured by recording the persistence o f the OGI. The OGI target consisted of a dimly illuminated 6-inch cube placed at a distance of 10 feet from the subiect. Only the outline of the cube was illuminated, and i t was oriented such that eight edges were visible to the subiect. For these measurements, the SRR was i n complete darkness except for the target and a small light attached to the experimenter's clipboard. The latter was screened from the subject by a curtain.
In the other seven subjects, the effects o f the same accelerations were measured by recording the persistence of the Coriolis sensation, i.e. , the time elapsing between the completion of the head movement and the point at which the subject reported no further sensation of apparent bodily motion. For these measurement, the subjects were blindfolded throughout the session.
The stimulus procedures were identical for both the OG I and sensation groups. Rohtion started at 7.5 rpm. A t this speed, each subject began by executing three seis o f controlled tilt and return movements, where the interval between any two motions was kept fixed at 30 seconds. On completion of each discrete movement, the subject indicated the persistence of his apparent visual or-bodily motion. This procedure (termed "fixed-interval motions") was included to provide a baseline persistence value for the subjective response to S , when the interstimulus interval was such that the response to S , would have largely dissipated before S , was applied. It also provided the subjects with an opportunity to stabilize their endpoint decision criteria prior b the variable-interval determinations. Some 5 minutes after the completion o f the fixed-interval measurements, the variable-interval motions were commenced. The intervals (I) between S, (tilt) and S , (return) were: 1, 2, 4, 8, 16, and 32 seconds. The movements were made on verbal instructions from the experimenter, and only the response to S , was recorded.
The intervals were presented i n a random order, and a different random sequence was used for each subiect.
On completing these measurements at 7.5 rprn, the subjects were rested for approximately 5 minutes with head immobilized. The angular velocity of the SRR was then increased to 10 rpm where fixed and variable-interval movements, identical to those described above, were executed.
One departure from this procedure was the fact that the 32-second interval was not included into the design until five of the OG I subjects had been tested. Thus, while persistence values for this interval were obtained for all seven of the "sensation" subjects, they were obtained for only eight of the OGI subiects.
RESULTS
The mean persistence values evoked by SI and S , during the initial fixed-interval movements at 7.5 and 10 rprn are shown i n Tables I (a) and I (b). Inspection of these tables indicates that S , evoked a more persistent response, both for OGI and sensation subjects, than the tilt motion S, . The Wilcoxon matched-pairs signed ranks test (10) showed that these differences were significant for all comparisons:
OG I at 7.5 rpm (T = 6.5; p < .01, 2-tailed test); OG I at 10 rpm (T = 2.0; p < .01, 2-tailed test); Coriolis sensation a t 7.5 rpm (T -0; p < .05, 2-tailed test); Coriolis sensation at 10 rprn (T -0; p < .02, 2-tailed test).
The findings from the variable-interval measurements at 7. Figure 3 i n which each mean value for sensation and OG I has been multiplied by a factor chosen to normalize their respective asymptotic values to 10 seconds. In the case of the OG I group, this factor was 2.13, whereas for the sensation group, it was 1.25.
The next consideration was how well these observed OGI and sensation persistence values corresponded to the theoretical expectations of the torsion pendulum model. It can be seen that while the theoretical points a t the x-intercept and the asymptote approximated the observed values, those i n the midnrnge of I intervals tended to overestimate the observed points for both the sensation and the 061 curves.
DISCUSSION
Although incidental to the main purpose of this experiment, it i s interesting to note that the subjective responses to the return motion (Sz) were significantly longer than those for the preceding tilt motion (SI) during the initial fixed-interval measurements. During CCW rotation, the tilt motion produces a sensation of pitching backwards or an upward movement of the OG I target, while the return motion has the opposite effects. Guedry and Montague (6) i n their investigation of the psychophysics of the Coriolis reactions noted a similar disparity i n the subjective magnitude of certain responses associated with pitch-down and pitch-up sensations elicited by the same iype of stimulus. In a more recent study, the present authors (9) also found that magnitude estimates o f pitch-down sensations were consistently greater than those for pitch-up sensations produced by Coriolis stimuli of comparable magnitude.
Inasmuch as the theoretical curves (see Figure 4) derived from the brsion pendulum model approximate fairly closely the obtained OG I and sensation persistence values, the present findings appear to support the a priori assumption that the neural events underlying the perception of these subjective phenomena are closely related to the mechanical events occurring within the cupula-endolymph system. However, an.
entirely peripheral explanation would be inadequate to account for: 1) the finding that the estimated time-constants of signal decay (4.72 seconds for sensation, and 3.36 seconds for OG I) were considerably shorter than those expected on the basis of theoretical equations governing the mechanics of the canal system (12); and 2) the finding that the persistence of the Coriolis sensation was proportionately longer than that for the OGI at each time interval.
Theoretical analyses o f the Coriolis vestibular reaction (6, 8) have shown that the net effect of the iype of stimulus used i n this experiment i s equivalent to that of a simple impulsive stimulus with the head fixed relative to the axis o f rotation. With a A more probable explanation of this phenomenon i s one which postulates some intervention by central mechanisms. Both during and immediately after the "Coriolis evoking" head motion, the sensory inputs fmm the canals and otoliths are i n conflict, whereas i n the case of the simple impulsive stimulus, the two inputs are normally synergistic. This suggests that the canal signal-i s suppressed when contradictory gravirecepbr information i s present at the same time. This hypothesis receives additional support from the findings of experiments involving rotation around an Earth-horizontal axis (2,5) and those involving the repositioning of the subject following rotation around the vertical axis (1). In both cases, the nystagmus and sensation time-constants were considerably shorter than those obtained from simple impulsive stimuli of equivalent magnitude. The values of D and k used to generate the best-fitting theoretical curves (see Figure 4 ) suggest that the time-constant of the signal mediating the OGI was somewhat shorter.and the threshold level higher than that for sensation. Since both phenomena stem initially fmm the same end-organ activity, i t i s unlikely that these values reflect the mechanical events within the cupula-endolymph system; more probably, they reflect differences in the transducing properties of the central pathways mediating the two subjective responses.
An additional factor, and one which may also explain the contradictory findings with respect to cupulometry, i s that the OG I target used in the present experiment was a relatively large 6-inch cube, whereas i n most of the cupulometric studies the target has been a much smaller source of light. It seems reasonable to suppose that a relatively large target having a clearly definable geometric form i s more resistant to apparent motion than a smaller, lessdefined target. Thus the inherent "stability" of the present OGI target i s likely to manifest itself in a reduced duration of sensation.
Finally, i t i s worth noting that these findings suggest a technique for minimizing the undesirable consequences of Coriolis stimulation during the early preadapted stages of exposure to a rotating environment. To obtain the greatest advantage from the "damped swing door" characteristics of the cupula-endol ymph system, a necessary head motion should be followed as rapidly as possible by an equal and opposite movement. The present results show that even if this complementary motion i s delayed for as long as 4 seconds, there i s about a 40 per cent loss of sensation persistence with respect to the maximum. For intervals of less than 4 seconds, the persistence curve drops precipitately so that at 2 seconds there i s appmximately a 75 per cent loss, and at 1 second the reduction i s i n the region of 80 io 100 per cent of the maximum value. It seems reasonable io assume that these persistence losses would also reflect corresponding reductions i n the initial magnitude of the subjective phenomena. The purpose of thfs experiment was to investigate the effect of varying the time interval between two equal and opposite Coriolis accelemtions upon the dumtion of the subjective responses evoked by the second stimulus. It was also designed to evaluate certain predictions generated fmn a "torsion pendulum" model of the neural events mediating these subjective phenomena.
Theoretical curves derived fmm the torsion pendulum midel appmximated fairly closely the way i n which the reported durations of the subjective phenomena increased as a function of the time interval beiween the two Coriolis accelemtions. This result supported the a priori assumpiion h i the neural events underlying the subiective phenomena are closel'y linked fio mechanical eveni occurring within the cupula-endolymph system. However, an explanation resting entirely upon peripheral phenomena would be inadeqwte to account for two additional findings: (1) The estimated time constants of signal decay werk.shorter than those expected on the basis of the known mechanics of the semicircular canal system, and (2) the persistence of the Coriolis sensation (feelings of apparent whole body motion without v i s d reference) was greater at all intervals than the Coriolis oculogyral illusion. Adequate explanation of these findings requires the poshlation of additional central mechanisms. 
